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OHANGES IN CARDIAG QUTEUT FOLLOWING W[E ADMINISTRATION OF
SARIN AND OFHER PHARMACOLOGICAL AGENTS

PART 1. THE IEFERMINAYION OF CARDIAC QUTEUT BY MEANS OF
THE IOV-FREQUENCY BAILISTOCARDIOGRAPH

By

R,J. Shephard
SUMMARY

1. Methods of measuring human cardiac output involving minimel discomfort
to the subjeot are reviewed, and it is ooncluded that the ballistocardio-
graph (B.C.G.) is ths best available method of studying cardiac output over
long periods,

2, Tus physical theory of four B,C.G, Systems is discussed in tems of
Newton's law. of motion, Analysis is complicated by three.dimensional
movement of blood, extreneous body movements, variations in body/table
coupling, in-phase movements of chest and viscera, and superimposition of
successive waves,

3, Reasons are given for selecting the Nickerson low-frequency critically
demped B.C.G. to measure oardiac output, and a formula for calculating
relative stroke volume is presented,

L. Modifications of the Nickerson B.C.G. are described for the recording
of caerdisc output in man and the decs. and the correlation between B.CeGe
and other methods of measuring cardias ocutput is discussed.

5 It is conoluded that the B,C.G. requires independent verification,
particularly where large changos of blood pressure occurs Since this camot
conveniently be done in man, it is suggosted that the B.C.G, should be
calibrated against dfrect flow measuremsnis in the dog, and if the two
methods agree in the test situation, then the human B.C.G. data mey be
accepted with fair confidence,

(sgd.) C. Lovatt-Evuns,
Heed, Physiologioal Sectiun.
RIS/MO
(Sgde ) W.S.8, Ladell,
Assistant Direotar, Medical.
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GHANGES IN CARDIAC CUTPUT FOLLOWING THE ADMINISTRATION OF
SARIN AND OTHER PUARMACOLOGICAL AGENTS

PART 1, THE DETERMINATION OF CARDIAC OUTEUT DY MEANS OF
THE LOW-FREQUENCY BALLISTOCARDIOGRAPH

Bv

.

R.J. Shephard

I, IN'RODUCTION

In studying the cardiovascular effects of anticholinesterase agents,
as in many problems of applied physiology, there is a need for a simple
yot reliable mothod of asscssing continuously any changes in the cardieac
output of the conscious luman, The subjeots availeble are typically
untrained in physiological procedures, and are only available for a few
daysy Further, as volunteers with a non-medical background, they cannot
be subjected to manoouvres involving more than a minimum of discomfort,
Many methods of measwring cardiac output have been suggested in ths past
few years, but most fail to meet the requirements of this situations

1, Pulse~pressure method,

This was introduced in Germany (1) and nas recently been
rehabilitated and simplified by application of analogue conputing
techniques (2). 4 continucus indicaiion of cardiac output is
obtained, but puncture of a major artery by a wide~bore necdle
is required to give valid rosults.

2, Jmpedancc cardiography

Changes in the electrical impedance of' the trunk wexe at
first thwught to yield a useful countinuous wecord of cardiac
output (3), but morc recent work has shown that changes of
impedance are marginul, being lurgely counteractod by an increased
impedance in the peripheral vert of the trunk and liabs (4).

3« Dye dilution
Although this method checks well against dircct measurements
of cardiac output (5), in most applicaticns of the method very few
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determinations can be made because of a progressive pigmentation
of the subject, Further, despite advances in oximetry (6), it is
gonerally admitted that srterial punctu.o is nceded for reliable
nixing ocurves,

& modification of the dye method using an exbernal scintillation
ocounter mounted ovor the groat vessels of the chest was introduced
by Veall (7). 4n acouracy similar to that of the dircot Fick method
has boen claimed, but the radiation dosage (0,07 =~ 0,28r for one
dztg?nination of cardinmc output) is such as to prohibit repetitive
studies,

ke  Foreign gas methods

The acetylene method has become simpler and subjectively mare
pleasant with the introduotion of infra-red gas analysis (8, 9),
but the time required for elimination of acetylene is such that
dbaervations cauwnot be made mace froquently than once in every
half an howrs Othor gaswmmotric mothods involving the rebreathing
of nitrous oxide (10) or various carbon dioxide mixtures (11)
require considerable co-operation from the subjeoct, and again givo
no more than a single isolated value for cardiao output.

5¢ Electrokpaography

Although it has been suggested that a contimaous record of
cardiac output can be obtained by positioning phote-multiplier
tubes over the left barder of the cardiac shadow on an Z-Rey
screen, displacement, torsion, and ohange in contour of the
hsart combine %o make this an unsatisfectory method (12).

With repeated measurements, tho subject is also expoged to an
undesirable radiation load,

6, Ballistocardiogrephy

The fact that the forcos developed by the heart can be
recorded by a suitably mounted table has lLeen known for many
years (13, 14), but application of this principle to cardiac
cutput determinations is due largely to Nickerson (15) and
staxr (16). Tho ballistocardiograph (B.CeG.) gives a oontinuous
record, and requires no more of the subject than to lie
reasonably still on a hard table, Although the moasurement of
cardisc cutput by this technique is still contwoversiul, it is
probably the best method at present available to the applied
physiologist who wishes to study cerdiac output contimaously
for an hour or more.

The purpose of this first paper isto reviow ths techniquo of
ballistocardiography, indicating specific criticisms of tho method, and
in the light of this criticism to suggest a procedure Whorcby rosulbs
from the B.C.G. may be verified,

UNCIASSIFIED
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II. PHYSICAL THEORY
Four main types of B,C.,G. moy be distinguisheds

(a) H%h frequency: developed by Starr end his associrtes,
16), with a natural frequency of 15 cePeSe

(b) Low freauenoy: oritically damped, as developed by
Nickerson (15) the netural frequenay being 1=i% cepese

(o) Ultre low frequency and “aporiodic" systems, as devcloped
by Scarborcugh and assooiates (17) and Burger and
associates (18),

(d) Direct body pick-up as developed by Dock (19)

The relationships botween the soveral types of B.C.G. can best bo

explained in terms of the fundamentul Newtonian equw tion for rfoarces in
the longitudinal direction at the instant of cardiac e jeotion:

m% =M§-_22_5C + 0_(}}. + Dx conee (1)
a at as

where m is the rmss of hliood ejected, y the longitudinal displacement in
time t, M themmes of subject and table, x the displacemont of the table,
0 is a damping oonstant assumed propartional to velooity, and D is an
elastic restaring constant propoartional to displacement. In tho Stewxr
bed, the restraining force D is large, and damping C and acceleration
amall, so that the oquation reducoe to

m%; = Dx

or x = n & eesee (2)

D 4d¢2

The Nickerson bed has a restraining force D, but {the most dmportant factar
in the system is tho damping C introducsd by an oil bath®, To a first
approximation, the oquation reduces to

mgﬁsg_@}g

a2 &%

or X =

&y canvs {3)
at

Qls

¥t froquencies in excess of 6 c.p.s., D becoues progreseively mure important,
and the pattern of the rccord changes to a second arder integration.

}(iow;ver, tne amplitude at this end of the frequency specirum is negligible
20),
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The uwltca=low froquoncy beds (19) have very woak constraints s and only
the first term in tho oquation is of importance., Thus

“‘-ﬁ = Mg_._z__x
2 2
at ab
or ’ X = m I XYXX) (li-)
M

Dixreot body systems have a less cortein mochanioal basio, simply
rocording movements of the shins with vespeat o tho dorsal fat pad.
The recording system normally used (19) is further ocomplioated by a
small "integrating® oondensor and vhile the tracings are useful far
dlagnostio work procise physinul analysis is not possible, fWypical
reourds appsar to be intermediate in furm betweon velooity and displaco-
ment tracings,

III., OOMPLICATING FACTCRS

-In practice, soveral factors cowplicate tho above physioal analysis
of tablo movomentt

(a) Planc of recarding

Oonsideration of tho foroes dovoloped by the heart bas so fur
boon restrictod to the longitudinel planes In faot, tho path of
bl.ood ejected from the ventrioles is direotvd somewhat latorally
and posteriorly, amd vector ballistcourdiograms (21-23) have shown
that appreciable foroos are doveloped in the lateral plane, Tho
relativo magnitude of the latoral component must vary with cardiac
axis, and although the problem may be minimised by avexraging the
longitudinal force over several respiratory cyoles, a shift cf
mean ocardisc axis could still produce an spparent change of cardiac
output in uniplanar B.,C.Gs.

(b) Extransous movements

Any type of table will respond to oxtra cardiac movements of
the body or viscera, The avorage adult subject can be parsuaded
to xestrain voluntary movemsnts during the recording perioed, but
involuntary tremor (due ¢o cold or pharmacological agents) and
ooughing (ocmmon with soms QW agents) oan distort seotions of
records Respiratory movemente also affoot the amplitude of
deflections, for although the narmal froquency of respiration
is oonsidorebly less than that of the events under investigation,
the mass of tho displaced viscera is large relative to tho maes
of sjected “lood; when this is in phage with visceral movement,
deflections beaane lorpger, This problem can be overcam by
averaging over the respiratory cycle.

(¢) Body counling

Tho sinple Newtonian equotion assumos that the body and
toble have hamogenous propertics, and that thoy are rigidly
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ooupled together, In fact, the body is coupled ather loosely to

the toble by a dorsal fat pad that varies in mechaniocul proporties
fren subjeot to subjeot, and the hoart is also loosely coupled to

the remainder of the body, Thus the ratio of body/tsble movement

is zather largs with all B,C,G. systoms, although it may be dmproved
by damping and by heed or foot rosts exerting a foroe of up to

25 kg (26), Furthermore, the system is not msohanically homogenouse
Body damping (504 oritical) and froquency (59 oepese) do not oonfearm
with eny of tho commonly used B,C.G. systems (24), The theoretical
aspeots of body coupling have boen explared in detail (25-27); errors
nmay arise from resonance poaks and phase shifts, Over the vital
range of 1-5 o.pe8sy the Starr B.C.G. gives negligible phase shift,
but table, table/body, and body/heart movement all show large
resonance peaks, The Niockerson B,C.G, gives a large phase shift
(almost 180°), but this is rolatively constant over & wide froquency
range; amplitude of table ond tablo/body movement is also rcooxrded
with only slight distortion to 5 c.p.s., although higher frequencies
are progressively attenuated, Tho Burgoer B.C.G. (ultra-low frequonoy)
introduces somo distortion of amplitude and phase at 1-2 ops, although
with tho addition of oareful damping (4O% oritical) such effeots

can be minimised, The practical oonsoquence of these f£indings is
that the moin vaves of the B,C.G, (fundamental frequency 2 c.P.5s)
are recorded most faithfully by tho Nicksrson bed, The amplitude

of one or mare of theee primary woves is normally used in the
dotormination of cardisc cutput, and tho Nickerson bod is thoreforo
to be preferred for this purpose, With other 5,C.G, systems, o
change in the rate of ocardiac ojootion, by altering the fundamental
frequency of oscillation, can of itself change tho amplitude and
similate an alteratiou of cardiac output,

(a) BSuperimposition of vaves

While the Nowtonian equation dosoribes ovonts at the instant
of ocardinc ejection, the resultant longitudinal force is soon
modified by reversal of flow in the axch of the aorta and at the
bifurocation of the pulmenary artery, and by an inorease in the
dimensions of the arturial treo with the pulss wave, The rate ab
which those seoondary fanotors apponr can obviously vary wit h
physiological state, snd while a correction term has been ovolved
for flow rovorsal (28), caloulation is todious,

With normal pulse rates, there is a brief interval in each cardise
oyole that is free of osoillations, but vhen the heart rate inoreases,
the later waves fram one oyols may buoome superimposed on the early part
of the next oyolv, Interference betwoen suscessive cardiac cycles is
less in & oritically damped system, Lut even with the Nickorson B.C.G.
it is diffioult to cbitain meaningful records at pulse rates in excess
of 420~130/min,

UNCLASSIFIED
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IV, CHOICE OF B.C.G, AND FORMULA FOR CARDIAC OUTPUT MEASUREMENTS

While it is apparent from the faregoing that noB.C.G. technique for
the estimation of cardiac output is free of dfficulties, a number of facts
such as the spectrum of frequency response and reduced interfercnce betwoen
successive cardiac cycles suggest that the Nickerson bed is to be preferred
if the B.C.G, is used for this purpose,

It has been shown thearetically that the Nickersca B.C.G, gives
predominantly a veloocity record (egaation 3), and the tracings obtained
in this lebaoratory agroe well with velocity ourves predicted fram the
physical propertios of the arterial treo (Figel, ref. 29), Tracing A
is the prodictod curve, tracing B the cbserved curve with a simultaneous
prascordial phenocardiogram, Tracings C and D worc obtained in vhe dog,
and will be disoussed later (page 9 ). Immediatcly following the first
heart sound, both tracings show a sharp footward movement of the talle
(tho I wa.vo) corresponding with ejection of blood intu the ascoending
acrtas This is follcwed by a larger headwsrd movement of the table
(7 wave), coinciding with flow revarsal in the arch of the aorta, slowing
of ejection, and enlargemont of the acrta. 4 third prasinent (M) wave
follows the second heart soundj this is generally considered due to reflec-
tion of the pulse wave in the periphery of the artorial trec.

Cardiac output determinations are uswelly based on the IJ amplitude,
mainly because thne I and 7 waves cre large and sharply dfined, Attompts
have been made to translate ILJ amplitude into absolute cardiac output,
but even if possible this does not seem either nccessary or desirable,
since the apparatus is best restricted to comporative work, Further, the
standard oalibrating system (pulley and weighte) is essentinlly a statio
force, corresponding with tho term Dx of the fundameutal equation 1.
Calibration carrisd out in this way serves as a useful check on the stability
of amplifiers and recording system, but & es not provide any measure of
momentum that can be used for the calculation of blood fluw in absolute
terms™, In the present work, use has been made of a simple empirical
formula:

IJ amplitude x Blood Pressure factor
17 time eee (5)

Relative stroke volume =

¥C is deliberately varied by the operator in inverse propartion to the body
mass of the subject.s D tends to vary in direct proportion to body mase,
and is also affected by the elasticity of the darsal body fat, There is
thus no constant relationship between the values for C and D in different
subject,

UNCLASSIFIED



UNCLASSIFIED

This bears some similarity to Nickerson's empiriocsl formula (30),
The IJ amplitude has already been defined, and the IJ time is the
cacresponding interval betwesn the trough of the I and the apest of the
J waves, The blood pressure faotar is introduced to allow for changes
in the dimensions of the arterial trec, Nickerson has suggested the
use of the square root of the moan systemio pressure, with certain irical
modificetions whers this mean pressure is less than 80 mm Hg. (Figf%),
but thearetical analysis indicates that a more appropriate factor is besed
on the square root of acrtic volume at a given prossures

1ot the mass of the laden tablo be M
The mss of blood ejested in ons cardiac oycle m
The average velocity of the blood during e jection ¥
and the average velooity of the table (us indicated by IJ amplitude) x
Then from the conservation of momentum

(m+®)x = ol

e s———

o
and X = (n v
m+} 3
or sime M is lacge with respec’ tom

x m“f

=i

where K is a consghant
Now if the aortic cross ssotional srea is 4,
m = VA

2
and '('I :B
A

But stroke volume V = A
Thus v2 = Kax csves (6)

and strcke volume is propurtional to the square root of the aortic
cross-sectional area. The relative oross-seotional area for a given mean
aortic pressure can be obtained fram Roy's pressure/volume curves (31).
Over the ncrmal working range of blood pressures, the factars obtained
empirically by Nickerson correspond olosely with factors derived from the
square root of aortic cross-ssotion, but at the extremes of pressure
(where the B,C,G, is often said to he less acourcte) considerable
Jifferences are observed (Fig.2), The use of factars derived fram

UNCLASSIFIED
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Roy's P/V ourve results in a better carrelation of the B.C.Ge with direct
flow measurements than the use of Nickerscn's empirical factor, and the
BE/V factor has therefare been used throughout the present study.

In equation (6), stroke volume is theoretically proportional to the
square rooct of table displacement x, but in practice displacement x is
used without transformation. Thig is partly because equation (6) is
based on average impact velocity V, while the IJ waveform is derived
from a oontinuously changing tablc velocity. The IJ amplitude is also
much ourtailed by superimpositiun of preceding and suocoeding waves of
opposite signe However, the main Justification for this step is empirical.
Extensive trial of x and/x by Nickerson and others has shown that x bears
the closest correlation te directly determined cardiac output.

The IJ time is not introduced into the equation to convert displacement
o velocity (as is apparently Niokerson's intention) for this differentiation
is oarried out by the mechaniocal system of the teble. It is intonded rather
as a 8iple empirical correotion for the inareasing superimposition of
successive ballistic waves with more rapid cardiac ojection.

Values for relative stroke volume obtained from equation (5) were
averaged over two respiratory cycles to allow far undesirable respiratary
variations due to changes in cardiac axis, body/heart coupling, and in-phase
visceral movements. This was found prefersble to the unphysiologicel
procedure of breath~holding.

Ve MODIFICATIONS OF NICKERSON LOW-FREQUENOY BoC.Ge

The B.C.G, used in this labaratary (Fig.3) was built to the basio
design of Nickerson and Curtis (15). an improved damping systom permitted
a light oil with low temporature cdefficient (viscustatic seroshell Fluid L)
to circulate between two brass bellows via a micromstor opurated conical
valve, In any one subjoct the micromstor rcading for oritical damping was
remarkably constant even when room tempurature was deliberately varied by
8-09C; in different subjects, the readings varied inverscly with body
weight (Fig.h). This may imply that the body tissuos of a heavier individual
are maore nearly oriiically damped, but could also be a consequence of more
eftective body/table coupling with increase of body masse

Movement of the table w=zs seused b, an electronic valve transducar
(RuCuivs5734), giving au eseentially lincar responss ovor the permiitod
angular displacement of the anude. Static (reoorder) calibration +as by
pulley and 200 g, weight. Provision was alsu made for dynamic calibration,
using a sclenoid operated time switoh fitted with a tras carrying suitsble
weights, Both types of oalibration gave very consistent defleotlons in
a given subjest, and it ws therefore possible to use IJ amplitude, rather
then & scaled derivative in the calculation of relative stroke volume
(equation 5).

i scaled-dovm version of the human B.C.G. was developed to permit
recording of the B.C.G. in the dog. Some account was taken of the daffering
physical properties of the twu systems, (Table 1), but unocrtainties
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regerding differences of body damping and body/table coupling made the
scaling largely expirical, The overall objective wes to produce a table
with a flat frequency/smplitude curvs for the range 2-19 ops, to carrespond
with thy higher fundemental frequenoy of the IJ wave. The stroke momentum
15 m.o swaller in the dog, and a corresponding reduction of bellows resistance
in t.o demping system was thms introduced tuv permit adequate table movement.
The stroke/table mass ratio is also usually loss favourable, and it was
cherefore decided to make the table top of very light construction, Adequate
friotion to prever* excessive pody/table movement was provided by a vashaole
rough-surfaced acetate fibre board, and this was supported on an aluminium
frames The restaring force is relatively groater in the dog B.C.G., eince
tnis is propartional to the square of table fraquency. Theoretisally, this
should cause the tracing to change from a first differential (velooity)
pattern to a sscond differential (acceleration) pattern at a relatively
towar frequency., In practlice the B,C,G, tracings that have been obtained
in the dog (Fig.1) ore quite similar in fom %o the human B,C,G. Tracing

C shows the B.C.G. and carotid pulse with a relatively low blood pressure,
tracing D the B,C.G, and carotld pulse during sygtomic hypertension,

Timing of individual wmves is loss easy with the more rapid pulse of the
dog, but there is some suggestion that the main peaks occur eaxrlier in the
cardias cycle, which is a characteristic of transition to an acceleration
pattern,

VI. OORRELATION BETAEEN B.C,G, /ND OTHER METHODS OF ME.SURING G RDIAC OUTRUT

Many previous investigutars have studied the degree of correlation butwrcen
the cardiac output caloulated from B.C.G. recards and results obtained by the
direct Fick or other non-controversial methods. Richards and his colleagues
(32) found no significant ourrelation, but most other workers (30, 33, 3k)
have stated that in the normal healthy subjeot under resting conditionms,
the B.C.G, gives 1 reliable value for cardiac output. Agreement with the
acotylone method has beun observed over a wide range of blood pressures (35),
although in severe "shock" (36) and aortic insufficiency (30) discrepancies
were noted. With administration of norepinephrine (37) amd nitroglycerine
(38)ey the B.C.G. gave an incorrect indication of tiw direction uf change
of cardiac output. It is evident that the B.C.G. amplitude is dopendent
not only on the mass of blood ejected, but also upon the tone and dimensions
of the arterial trec into which ejection is oocurring, Since the condition
of the arteriel tree is not measwred®, during the investigation, absolute
values for the caxrdiac wtput derived from the B.C.G, mst always be of
doubtful significance. WRelative values for cardiac output may be mare
roliable, espsdially if there are no large changes of systemic blood pressure
during the test; however, even re.ative changes rsquire confimation by
sope independent method, particularly in the study of a mw pharmacological

¥Tne blood pressure factor (discussed on page 7 ) does make soms allowanoe
for variations in the physical proper+ies of the urterial trec when
systemic blood pressure is reduced.
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agent with unknown actions on other parts of the vasoular system.

VII, METHOD OF VERIFYING B,C.G, CARDInG OUTPUT DilA

As indacated in the introduction, direct calibration of tho B.C.G.p
for example by carrying out simultoneous dirent Fick doterminations of
cardiac output, was not thought JustificA iu ssrvice volunteers. & mare
indireot calibration procedur- was therefare adopled. Unequivocal
measurements of blood flow were obtainod in the dog by inserting a
ventuei tube in the aorta, and the results were compared with simultancous
records from the oritically dampsd luw-frequency B.C.G, designed for the
doge The dog cwuld be exposed to much larger doses of Sarin and other
pharmacological agenis than the human subjects, and having shown that the
3.C.G. gave reliabls qualitiative information during exposure to large
deses, it was thought reasonable to accept smaller changes of cordiac
output indicated by the B,C,G, in human experiments at low dosage leveise

A similar approach has been developed independently by Honig and
Tenney (39) in Rochester, N.Y. They have built a lower frequency table
(0s5 Copess) with heavy damping, ard have compared B,C.G. rescrds with
acrtic flow measured by a hydrometric pendulunm during contrclled
haemorrhage and administration of "neosyncphrine®,

The results cf the present authar's calitratior trials in the dog
are reparted in P.T,P,735, Parlt 2 of this sorio.s of repartis,

(sgds) C. Lovatt-Evans,
Head, Physiological Scotion.

RIS/MC
(Sgde) V.S.S, Ladell,
hLssistant Director, Medical,
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Comparison of Ballistocoadiograph Mochanics in Dz and Man

Dog, Yan
Fundamental frequency (epsd
Body tissues 3 5
Cardiao oyoclo 25 1,25
Resplratory sycle 0.5 0425
1J wave %0 2¢5
Table 3 145
Mass (Kg)
Body tissues 10-20 70
Table Eunladen) 2 17
Table (laden) 12-22 87
Foroo
Cardiac output (1/min) 1-2 7
Stroke volume (ml) 416 60-100
Stroke momontum (g.cm/scc) 80-600 2,00-4.000
Ratio Stroke/table mass (1073) 042+143 069143
Rostoriug foree (Ib/in,) 25 40
Damping bellows (1b/in.) 04 5 5
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Pgeds Oomparison of theoretical and observed B.C.G. velooity records

(A). Theoretical form of B,C,G. wave predictod from proporties of arterinl,
treo, showing I, J, and M waves and timing in relation to heart sounds.

(B) Observed B.C,G, record in humon subjoot, with simultaneous phono-
cardiogramn,

(c). Observed B,C.G., and carotid blood prossure rooords from dog with
low blood pressura,

(v) Observed B.C,G. and carotid blood pressure records frum dog with high
blood pressure following adininistration of pressar amincs,
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fig. 3(b). C%ose—up view of' dog 3.C.G., giving details

ot damping system and R.< .4, valve wounting,
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